Introduction
============

Pancreatic cancer is the 12th most common and the most aggressive cancer in the world, and the incidence and death rates rise with advancing age.[@b1-dddt-9-537] There were 338,000 cases diagnosed with pancreatic cancer in 2012, and the 5-year survival rate is 6.7% worldwide.[@b1-dddt-9-537],[@b2-dddt-9-537] In the United States, there were 45,220 cases of pancreatic cancer diagnosed in 2013, and it has been estimated that there will be 46,420 new cases (23,530 men and 22,890 women) diagnosed and 39,590 patients (20,170 men and 19,420 women) will die from pancreatic cancer in 2014.[@b2-dddt-9-537] In China, pancreatic cancer is the sixth leading cause of cancer death, and the overall 5-year survival rate is 1%--3%.[@b1-dddt-9-537],[@b3-dddt-9-537],[@b4-dddt-9-537] The incidence of pancreatic cancer is 2.70% and 2.55% in urban and rural areas, respectively, and the mortality due to pancreatic cancer is 4.08% and 3.66% in urban and rural areas, respectively, in 2009.[@b5-dddt-9-537] The current therapies for the treatment of pancreatic cancer include surgery, chemotherapy, radiation therapy, immunotherapy, and vaccine therapy.[@b1-dddt-9-537] However, due to the de novo chemoresistant behavior of pancreatic cancer cells to cytotoxic chemotherapeutic agents and/or radiotherapy, the therapeutic outcome of pancreatic cancer is disappointing in the clinic. Therefore, new anticancer drugs that can kill pancreatic cancer cells with improved efficacy and reduced side effects are certainly needed.

Targeting programmed cell death has become a promising strategy to fighting against pancreatic cancer, which mainly includes manipulation of apoptotic and autophagic cell death.[@b6-dddt-9-537] It is well known that apoptosis and autophagy are often observed in pancreatic cancer,[@b7-dddt-9-537] but the therapeutic and clinical implications are unclear. In particular, autophagy, the mammalian target of rapamycin (mTOR)-mediated cell death, involves a number of Atg proteins and other regulating molecules with an inconclusive role in the regulation of cancer cell survival and cell death.[@b6-dddt-9-537],[@b8-dddt-9-537] Recently, it has been reported that autophagy has emerged as a promising target for the treatment of pancreatic cancer, although the underlying mechanism has not been fully elucidated.[@b9-dddt-9-537],[@b10-dddt-9-537] On the other hand, emerging evidence suggests that the epithelial to mesenchymal transition (EMT) is activated during pancreatic cancer development, growth, progression, and metastasis.[@b11-dddt-9-537],[@b12-dddt-9-537] It has been proposed that EMT facilitates metastatic dissemination of pancreatic cancer cells from a primary organ to secondary sites,[@b13-dddt-9-537] and thus intervention of this process may represent a novel strategy to prevent pancreatic cancer metastasis.

Plumbagin (PLB) (5-hydroxy-2-methyl-1,4-naphthoquinone) ([Figure 1A](#f1-dddt-9-537){ref-type="fig"}) is a natural naphthoquinone constituent occurring in *Plumbago zeylanica* L., *Juglans regia*, *Juglans cinerea*, and *Juglans nigra*, with a wide spectrum of pharmacological effects including anti-inflammatory, neuroprotective, anticancer, hypolipidemic, antiatherosclerotic, antibacterial, and antifungal in preclinical models.[@b14-dddt-9-537] Recently, the anticancer effect of PLB has drawn a great deal of interest, and accumulating evidence shows that the anticancer effects of PLB are mainly attributed to induction of intracellular reactive oxygen species generation, apoptosis and autophagy, and cell cycle arrest;[@b14-dddt-9-537],[@b15-dddt-9-537] although, the underlying mechanism is not fully understood. In vitro and in vivo studies by our laboratory and other groups have showed that PLB induced cancer cell apoptosis and autophagy via modulation of cellular redox status, inhibition of nuclear factor kappa B (NF-κB) activation, upregulation of p53 via c-Jun N-terminal kinase phosphorylation, inhibition of phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mTOR pathway, and activation of 5′-AMP-dependent kinase (AMPK) pathway.[@b16-dddt-9-537]--[@b22-dddt-9-537] However, the cancer cell killing effect and underlying mechanism of PLB in pancreatic cancer PANC-1 and BxPC-3 cells are unclear. In this regard, we aimed to investigate the effects of PLB on the cell cycle, autophagy, and EMT in human pancreatic cancer PANC-1 and BxPC-3 cells and underlying mechanism.

Materials and methods
=====================

Chemicals and reagents
----------------------

Dulbecco's Modified Eagle's Medium (DMEM) and RPMI-1640 medium were obtained from Corning Cellgro Inc. (Herndon, VA, USA). Fetal bovine serum (FBS), Dulbecco's phosphate buffered saline (PBS), PLB, thiazolyl blue tetrazolium bromide (MTT), RNase A, and propidium iodide (PI) were purchased from Sigma-Aldrich Inc. (St Louis, MO, USA). Phenol red-free culture medium was obtained from Invitrogen Inc. (Carlsbad, CA, USA). SB202190 (4-\[4-fluorophenyl\]-2-\[4-hydroxyphenyl\]-5-\[4-pyridyl\]1H-imidazole), a selective inhibitor of p38 mitogen-activated protein kinase (p38 MAPK), used as an autophagy inducer, and wortmannin (WM), a potent, irreversible, and selective PI3K inhibitor and a blocker of autophagosome formation were bought from InvivoGen Inc. (San Diego, CA, USA). The Cyto-ID^®^ autophagy detection kit was obtained from Enzo Life Sciences Inc. (Farmingdale, NY, USA). The Pierce BCA protein assay kit and skim milk were bought from Thermo Scientific (Waltham, MA, USA), and polyvinylidene difluoride (PVDF) membrane was purchased from Bio-Rad (Hercules, CA, USA). Western blotting substrate was obtained from Thermo Scientific Inc. Primary antibodies against human p38 MAPK, phosphorylated (p-) p38 MAPK at Thr180/Tyr182, AMPK, p-AMPK at Thr172, Akt, p-Akt at Ser473, mTOR, p-mTOR at Ser2448, PI3K, p-PI3K/p85 at Tyr458, phosphatase and tensin homolog (PTEN), beclin 1, microtubule-associated protein 1A/1B-light chain 3 (LC3-I), LC3-II, and the EMT antibody sampler kit were all purchased from Cell Signaling Technology Inc. (Beverly, MA, USA). The EMT antibody sampler kit contains primary antibodies to N-cadherin, E-cadherin, zona occludens protein 1 (ZO-1), vimentin, slug, snail, zinc finger E-box-binding homeobox 1 (TCF-8/ZEB1), and β-catenin. The antibody against human β-actin was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).

Cell lines and cell culture
---------------------------

Two pancreatic cancer cell lines PANC-1 and BxPC-3 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in DMEM (PANC-1 cells) and RPMI-1640 (BxPC-3 cells) media containing L-glutamine, phenol red, L-cysteine, L-methionine, sodium bicarbonate, and sodium pyruvate supplemented with 10% heat-inactivated FBS, and 1% antibiotics (penicillin and streptomycin). The cells were maintained in a 5% CO~2~/95% air humidified incubator at 37°C. PLB was dissolved in dimethyl sulfoxide (DMSO) with a stock concentration of 100 mM and was freshly diluted to predetermined concentrations with culture medium. The final concentration of DMSO was at 0.05% (v/v). The control cells received the vehicle only.

Cell viability assay
--------------------

The MTT assay was performed to examine the effect of PLB on cell viability of PANC-1 and BxPC-3 cells. Briefly, PANC-1 and BxPC-3 cells were seeded into a 96-well culture plate at a density of 8,000 cells/well. After cells were seeded for 24 hours at a volume of 100 μL, the PANC-1 and BxPC-3 cells were treated with PLB at 0.1--20 μM for 24 and 48 hours. Following the PLB treatment, 10 μL of MTT stock solution (5 mg/mL) was added to each well and incubated for 4 hours. Following that, the solution was carefully aspirated, and 150 μL DMSO was added into each well to disolve the crystal. The absorbance was measured after 10-minute incubation at 37°C using a Synergy H4 Hybrid microplate reader (BioTek Inc., Winooski, VT, USA) at a wavelength of 450 nm. The half maximal inhibitory concentration (IC~50~) values were determined using the relative viability over PLB concentration curve.

Cell cycle distribution analysis
--------------------------------

The effect of PLB on cell cycle of PANC-1 and BxPC-3 cells was determined using PI as the DNA stain by flow cytometry as described previously.[@b23-dddt-9-537] Briefly, PANC-1 and BxPC-3 cells were seeded into 60 mm Petri dishes. After cells were seeded for 24 hours, the cells reached \~75% confluence and were then treated with PLB at concentrations of 0.1, 1, 5, and 10 μM for 24 hours. In separate experiments, PANC-1 and BxPC-3 cells were treated with 5 μM PLB for 4, 8, 12, 24, 48, and 72 hours. Following the treatment, cells were detached and fixed with 70% ethanol at −20°C overnight. Subsequently, the cells were incubated with 25 μg/mL RNase A and 50 μg/mL PI for 30 minutes in the dark. A total number of 1×10^4^ cells was subject to cell cycle analysis using a flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA).

Quantification of cellular autophagy
------------------------------------

To examine the effect of PLB on autophagy in PANC-1 and BxPC-3 cells, cellular autophagy was detected using flow cytometry as described previously.[@b21-dddt-9-537] Briefly, PANC-1 and BxPC-3 cells were seeded in 60 mm Petri dishes. After cells were seeded for 24 hours, the cells reached \~75% confluence and then treated with fresh medium alone, control vehicle alone (0.05% DMSO, v/v), or PLB (0.1, 1, and 5 μM) for 24 hours. In separate experiments, PANC-1 and BxPC-3 cells were treated with 5 μM PLB for 4, 8, 12, 24, 48, and 72 hours. Following the PLB treatment, cells were resuspended in 250 μL of phenol red-free culture medium containing 5% FBS, and 250 μL of the diluted Cyto-ID^®^Green stain solution was added to each sample and mixed well. Cells were incubated for 30 minutes at 37°C in the dark and then collected by centrifugation at 250× *g*. The cell pellet was washed with 1× assay buffer in the Cyto-ID^®^ autophagy detection kit and resuspended in 500 μL fresh 1× assay buffer. Cells were analyzed using the green (FL1) channel of a flow cytometer (Becton Dickinson Immunocytometry Systems).

Confocal fluorescence microscopy
--------------------------------

In order to further detect the cellular autophagy level, the cellular autophagy level was examined using confocal fluorescence microscopy. Briefly, PANC-1 and BxPC-3 cells were seeded into an 8-well chamber slide. The cells were treated with PLB at 0.1, 1, and 5 μM for 24 hours. In separate experiments, cells were treated with 5 μM of PLB for 4, 8, 12, 24, 48, and 72 hours. After the PLB treatment, the cells were washed with 1× assay buffer in the Cyto-ID^®^ autophagy detection kit, following by incubation with 100 μL of microscopy dual detection reagent for 30 minutes at 37°C in the dark. After the incubation, the cells were washed with 1× assay buffer to remove detection reagent, and the cells were then examined using a Leica TCS SP2 laser scanning confocal microscopy (Wetzlar, Germany) using a standard fluorescein isothiocyanate filter set for imaging the autophagic signal at wavelengths of 405/488 nm.

Western blotting analysis
-------------------------

The levels of various cellular proteins were determined using Western blotting assays as described previously.[@b21-dddt-9-537] The PANC-1 and BxPC-3 cells were incubated with PLB at 0.1, 1, and 5 μM for 24 hours. After PLB treatment, cells were washed with precooled PBS and lysed with the RIPA buffer (50 mmol 4-\[2-hydroxyethyl\]piperazine-1-ethanesulfonic acid \[HEPES\] at pH 7.5, 150 mmol sodium chloride \[NaCl\], 10% glycerol, 1.5 mmol magnesium chloride \[MgCl~2~\], 1% Triton-X 100, 1 mmol ethylenediaminetetraacetic acid \[EDTA\] at pH 8.0, 10 mmol sodium pyrophosphate, and 10 mmol sodium fluoride) containing the protease inhibitor and phosphatase inhibitor cocktails. Protein concentrations were measured by Pierce BCA protein assay kit. Equal amount of protein sample at 20 μg was electrophoresed on 7%--12% sodium dodecyl sulfate polyacrylamide gel electrophoresis minigel after thermal denaturation for 5 minutes at 95°C. Proteins were transferred onto Immobilon^®^ PVDF membrane at 100 V for 2 hours at 4°C. Subsequently, membranes were blocked with 5% skim milk and probed with indicated primary antibody overnight at 4°C and then blotted with respective secondary antibody. Visualization was performed using the Bio-Rad system. Protein level was normalized to the matching densitometric value of β-actin.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation. Multiple comparisons were evaluated by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison. A value of *P*\<0.05 was considered statistically significant. Assays were performed in triplicate.

Results
=======

PLB inhibits the viability of PANC-1 and BxPC-3 cells
-----------------------------------------------------

First, we tested the effect of PLB on cell viability in PANC-1 and BxPC-3 cells using the MTT assay. Incubation of both cell lines with PLB at concentrations ranging from 0.1 to 20 μM for 24 and 48 hours significantly decreased cell viability. In comparison to the control cells, the values of cell viability were 83.1%, 77.3%, 69.0%, 46.1%, and 38.5% when PANC-1 cells were treated with PLB at 0.1, 1, 5, 10, and 20 μM for 24 hours, respectively. There was a similar effect of PLB on the cell viability of PANC-1 cells after 48 hours PLB treatment. The values of cell viability of PANC-1 cells were 80.7%, 72.0%, 60.0%, 40.7%, and 34.6% when cells were incubated with PLB at 0.1, 1, 5, 10, and 20 μM for 48 hours, respectively ([Figure 1B](#f1-dddt-9-537){ref-type="fig"}). For BXPC-3 cells, the values of cellular viability were 92.3%, 79.9%, 43.5%, 14.1%, and 8.7% compared to control cells when cells were treated with PLB at 0.1, 1, 5, 10, and 20 μM for 24 hours, respectively; the cellular viability was 87.6%, 69.0%, 39.8%, 3.4%, and 2.6% when cells were exposed to PLB at 0.1, 1, 5, 10, and 20 μM for 48 hours, respectively ([Figure 1C](#f1-dddt-9-537){ref-type="fig"}). The IC~50~ values were 9.9 and 7.0 μM for PANC-1 cells after 24 and 48 hour incubation with PLB, respectively. For BXPC-3 cells, the IC~50~ values were 8.4 and 5.9 μM after 24 and 48 hour treatment with PLB, respectively ([Figure 1](#f1-dddt-9-537){ref-type="fig"}). The results show that PLB has a potent inhibitory effect on cell proliferation in PANC-1 and BxPC-3 cells.

PLB regulates the cell cycle distribution of PANC-1 and BxPC-3 cells
--------------------------------------------------------------------

We next examined the effect of PLB on cell cycle distribution in PANC-1 and BxPC-3 cells using flow cytometry. PLB showed similar effects on the cell cycle distribution in PANC-1 and BxPC-3 cells. Treatment of cells with PLB at 0.1, 1, 5, and 10 μM did not significantly alter the cell cycle distribution in G~1~, S, and G~2~ phases in both cell lines, except for a significant decrease in S phase in PANC-1 cells treated with 5 μM PLB. However, PLB treatment concentration-dependently increased the cell population in sub-G~1~ in PANC-1 and BxPC-3 cells ([Figure 2A and B](#f2-dddt-9-537){ref-type="fig"}). In separate experiments, we examined the effect of PLB on cell cycle distribution over 72 hours. Incubation of cells with 5 μM PLB led to varying effects on cell cycle distribution in PANC-1 and BxPC-3 cells ([Figure 2C and D](#f2-dddt-9-537){ref-type="fig"}). In PANC-1 cells, there was a 12.8%, 17.7%, 18.9%, and 29.9% reduction in G~1~ phase when cells were treated with 5 μM PLB for 4, 8, 12, and 48 hours, respectively (*P*\<0.05), and there was a 1.4-, 1.6-, 1.5-, 1.7-, and 1.3-fold increase in S phase after cells were incubated with 5 μM PLB for 4, 8, 12, 48, and 72 hours, respectively (*P*\<0.05). Treating PANC-1 cells with 5 μM PLB for 48 hours significantly increased G~2~ phase 1.4-fold ([Figure 2C and D](#f2-dddt-9-537){ref-type="fig"}). For BxPC-3 cells, incubation with 5 μM PLB for 48 hours increased G~1~ phase 1.3-fold (*P*\<0.001) and treatment of cells with 5 μM PLB for 48 and 72 hours decreased S phase 25.6% and 21.8%, respectively (*P*\<0.001) ([Figure 2C and D](#f2-dddt-9-537){ref-type="fig"}). There was no significant change in G~2~ phase when BxPC-3 cells were treated with 5 μM PLB over 72 hours.

PLB modulates key cell cycle regulators in PANC-1 and BxPC-3 cells
------------------------------------------------------------------

Since we have observed the regulatory effect of PLB on cell cycle distribution in PANC-1 and BxPC-3 cells, we further examined the effect of PLB on the expression levels of cell cycle regulators, including CDK1/CDC2, cyclin B1, cyclin D1, p21 Waf1/Cip1, p27 Kip1, and p53 in PANC-1 and BxPC-3 cells using Western blotting assay. Incubation of PANC-1 cells with PLB at 0.1, 1, and 5 μM resulted in varying alterations in the expression levels of cell cycle regulators ([Figure 3A and B](#f3-dddt-9-537){ref-type="fig"}). Incubation of PANC-1 cells with PLB at 5 μM resulted in a 4.6-, 4.2-, 3.1-, and 3.1-fold increase in the expression levels of CDK1/CDC2, p21 Waf1/Cip1, p27 Kip1, and p53, respectively. In BxPC-3 cells, there was a differential response to PLB treatment ([Figure 3A and B](#f3-dddt-9-537){ref-type="fig"}). There was a 3.1-fold increase in the expression level of CDK1/CDC2, but there was a 63.6% and 94.2% reduction in the expression levels of p21 Waf1/Cip1 and p53 in BxPC-3 with the treatment of 5 μM PLB, respectively. The results show that PLB treatment differentially alters the expression levels of cell cycle regulators, which may be associated with the differential regulatory effects of PLB on cell cycle distribution in PANC-1 and BxPC-3 cells.

PLB induces autophagy in both PANC-1 and BxPC-3 cells
-----------------------------------------------------

Autophagy is one of the predominant programmed cell death routes, and its role in cancer cell survival and death is controversial.[@b8-dddt-9-537],[@b24-dddt-9-537] Recently, it has been reported that induction of autophagy is an emerging strategy for the treatment of pancreatic cancer.[@b10-dddt-9-537],[@b24-dddt-9-537] As such, we examined the effect of PLB on autophagy in PANC-1 and BxPC-3 cells using flow cytometry and confocal microscopy. As shown in [Figure 4A and B](#f4-dddt-9-537){ref-type="fig"}, the percentage of autophagic cells at basal level was 2.9% and 2.4% for PANC-1 and BxPC-3 cells, respectively. Incubation of PANC-1 and BxPC-3 cells with PLB for 24 hours significantly increased the percentage of autophagic cells. In PANC-1 cells, there was a 4.2-fold increase in the percentage of autophagic cells when treated with 5 μM PLB for 24 hours compared to the control cells. Treatment of BxPC-3 cells with 1 and 5 μM PLB for 24 hours resulted in a 1.4- and 2.1-fold increase in the percentage of autophagic cells, respectively. Incubation of PANC-1 and BxPC-3 cells with 0.1 μM PLB for 24 hours did not significantly induce autophagic death.

In separate experiments, the autophagic effect of PLB in PANC-1 and BxPC-3 cells was examined when cells were treated for over 72 hours ([Figure 4C and D](#f4-dddt-9-537){ref-type="fig"}). In PANC-1 cells, the percentage of autophagic cells was increased from 0.6% at basal level (zero time) to 2.1%, 1.6%, 1.4%, 2.6%, 13.3%, and 20.6% when the cells were treated for 4, 8, 12, 24, 48, and 72 hours, respectively. Treatment of BxPC-3 cells with 5 μM PLB increased the percentage of autophagic cells from 1.3% at basal level (zero time) to 4.2%, 4.8%, 4.9%, 1.7%, 8.2%, and 10.5% when the cells were treated for 4, 8, 12, 24, 48, and 72 hours, respectively.

We further determined the autophagy-inducing effects of PLB in PANC-1 and BxPC-3 cells using confocal microscopic examination. In comparison to the control cells, PLB treatment caused a significant concentration-dependent increase in autophagic cells in PANC-1 and BxPC-3 cells ([Figure 5A and B](#f5-dddt-9-537){ref-type="fig"}). There was a 1.02- and 1.11-fold increase in the autophagic death of PANC-1 cells when treated with PLB at 1 and 5 μM for 24 hours, respectively. In BxPC-3 cells, there was a 1.1-fold increase in autophagy when treated with 1 and 5 μM PLB. Treatment of cells with PLB at 0.1 μM did not significantly affect the autophagy in PANC-1 and BxPC-3 cells.

In addition, the autophagy-inducing effects of PLB on PANC-1 and BxPC-3 cells over 72 hours were examined ([Figure 5C and D](#f5-dddt-9-537){ref-type="fig"}). There was a time-dependent increase in autophagy when PANC-1 cells were treated with 5 μM PLB. Compared to the control cells, 5 μM PLB resulted in 1.05-, 1.04-, 1.05-, and 1.06-fold increase in the autophagic death of PANC-1 cells after 12, 24, 48, and 72 hour incubation, respectively. In BxPC-3 cells, 5 μM PLB time-dependently increased the autophagy over 72 hours (*P*\<0.001). These results demonstrate that PLB induces autophagy in both PANC-1 and BxPC-3 cells. Both PANC-1 and BxPC-3 cells are largely sensitive to high concentrations of PLB.

WM and SB202190 enhance PLB-induced autophagy in PANC-1 and BxPC-3 cells
------------------------------------------------------------------------

Following the examination of autophagic effect of PLB in PANC-1 and BxPC-3 cells, we also tested the possible involved signaling pathways. We employed WM, a potent, irreversible, and selective PI3K inhibitor and a blocker of autophagosome formation, and SB202190, a selective inhibitor of p38 MAPK used as an autophagy inducer. As shown in [Figure 6A and B](#f6-dddt-9-537){ref-type="fig"}, both WM and SB202190 significantly enhanced the autophagic effect of PLB in PANC-1 and BxPC-3 cells. Compared to the control, incubation of cells with SB202190 and WM increased 13.2- and 2.5-fold in the percentage of autophagic PANC-1 cells and 3.7- and 6.0-fold in the autophagic BxPC-3 cells, respectively. Treatment of PANC-1 cells with SB202190 and WM increased 10.4- and 7.0-fold in autophagic cells, respectively, compared to PLB treated cells. In BxPC-3 cells, incubation with SB202190 and WM led to a 3.9-fold increase in the autophagic cells compared to PLB treated cells ([Figure 6A and B](#f6-dddt-9-537){ref-type="fig"}). Taken together, the results suggest that PLB-induced autophagy may be, at least in part, ascribed to the regulation of PI3K-and p38 MAPK-mediated signaling pathways.

PLB suppresses PI3K/Akt/mTOR axis in PANC-1 and BxPC-3 cells
------------------------------------------------------------

Since we have observed an involvement of PI3K in PLB-induced autophagy in PANC-1 and BxPC-3 cells, we next investigated the effect of PLB on PI3K-mediated signaling pathway in PANC-1 and BxPC-3 cells. First, we examined the phosphorylation levels of PI3K at Tyr199 that is the upstream signaling molecule of Akt/mTOR pathway and plays an important role in the regulation of cell proliferation and autophagic cell death.[@b6-dddt-9-537],[@b8-dddt-9-537],[@b25-dddt-9-537] PI3K catalyzes the formation of phosphatidylinositol-3,4,5-triphosphate via phosphorylation of phosphatidylinositol, phosphatidylinositol-4- phosphate, and phosphatidylinositol-4,5-bisphosphate, initiating a number of signaling pathways related to cell proliferation, cell metabolism, cell survival, and cell death.[@b26-dddt-9-537] Treatment of PANC-1 and BxPC-3 cells with PLB resulted in significant alterations in the expression and phosphorylation level of key functional proteins that regulate autophagy signaling pathway ([Figures 7](#f7-dddt-9-537){ref-type="fig"}, [8A--H](#f8-dddt-9-537){ref-type="fig"}, [9A--H](#f9-dddt-9-537){ref-type="fig"}, [S1A--L](#SD1-dddt-9-537){ref-type="supplementary-material"}, [S2A--L](#SD2-dddt-9-537){ref-type="supplementary-material"}). There was a concentration-dependent decrease in the phosphorylation level of PI3K, Akt, and mTOR after cells were incubated with PLB at 0.1, 1, and 5 μM. There was a 51.5%, 44.9%, and 49.0% reduction in the ratio of p-PI3K over PI3K; 22.9%, 29.8%, and 64.8% decline in the ratio of p-Akt over Akt; and 22.2%, 45.4%, and 72.9% decrease in the ratio of p-mTOR over mTOR in PANC-1 cells treated with PLB at 0.1, 1, and 5 μM, respectively. Similarly, there was a 2.4%, 67.1%, and 89.8% reduction in the ratio of p-PI3K over PI3K; 9.7%, 11.7%, and 53.0% decrease in the ratio of p-Akt over Akt; and 7.8%, 13.3%, and 43.4% decline in the ratio of p-mTOR over mTOR in BxPC-3 cells treated with PLB at 0.1, 1, and 5 μM, respectively.

The effect of PLB on the expression levels of PTEN, beclin 1, LC3-I, and LC3-II was examined in PANC-1 and BxPC-3 cells ([Figures 7](#f7-dddt-9-537){ref-type="fig"}, [8F--H](#f8-dddt-9-537){ref-type="fig"}, [9F--H](#f9-dddt-9-537){ref-type="fig"}, [S1K and L](#SD1-dddt-9-537){ref-type="supplementary-material"}, [S2K and L](#SD2-dddt-9-537){ref-type="supplementary-material"}). PLB treatment concentration-dependently increased the expression level of PTEN and beclin 1 in PANC-1 cells. In comparison to the control cells, incubation of PANC-1 cells with PLB at 1 and 5 μM PLB led to a 1.4- and 3.0-fold increase in the expression of PTEN and 1.1- and 2.3-fold increase in the expression of beclin 1, respectively. The ratio of LC3-II over LC3-I was increased 1.4-, 2.1-, and 5.9-fold when PANC-1 cells were incubated with PLB at 0.1, 1, and 5 μM. There was a similar regulatory effect of PLB on the expression levels of PTEN, beclin 1, LC3-I, and LC3-II in BxPC-3 cells. Treatment of cells with PLB at 0.1, 1, and 5 μM increased the expression level of PTEN 9.1-, 10.3-, and 17.3-fold and elevated the expression level of beclin 1 3.4-, 3.4-, and 3.9-fold compared to the control cells, respectively. The ratio of LC3-II over LC3-I was increased 5.1-fold when BxPC-3 cells were treated with 5 μM PLB. Taken together, the regulatory effect of PLB on the PI3K/Akt/mTOR signaling pathway contributes to its antiproliferative effect on pancreatic cancer cells.

PLB activates AMPK signaling pathway but inhibits p38 MAPK signaling pathway in PANC-1 and BxPC-3 cells
-------------------------------------------------------------------------------------------------------

AMPK is highly conserved from yeast to plants and animals and plays a key role in the regulation of energy homeostasis, cell survival, and cell death.[@b27-dddt-9-537] p38 MAPK regulates cellular responses to cytokines and stress and thus controls cell differentiation, cell death, cell migration, and invasion.[@b28-dddt-9-537] We speculated that PLB can regulate the AMPK and p38 MAPK signaling pathways in PANC-1 and BxPC-3 cells. We treated both cell lines with PLB at 0.1, 1, and 5 μM for 24 hours. There were differential effects of PLB on the phosphorylation and expression levels of AMPK and p38 MAPK ([Figures 7](#f7-dddt-9-537){ref-type="fig"}, [8B and C](#f8-dddt-9-537){ref-type="fig"}, [9B and C](#f9-dddt-9-537){ref-type="fig"}). In comparison to the control cells, PLB concentration-dependently increased 2.2-, 2.2-, and 3.9-fold the ratio of p-AMPK over AMPK but decreased 28.1%, 39.8%, and 42.4% the ratio of p-p38 MAPK over p38 MAPK in PANC-1 cells treated with PLB at 0.1, 1, and 5 μM, respectively. In comparison to the control cells, incubation of BxPC-3 cells with PLB at 1 and 5 μM increased the ratio of p-AMPK over AMPK 1.5- and 16.6-fold, and treatment of BxPC-3 cells with PLB at 0.1 and 1 μM reduced the ratio of p-p38 MAPK over p38 MAPK 20.6% and 34.0%, respectively. The results show that PLB can activate AMPK signaling but inactivate p38 MAPK signaling pathways in PANC-1 and BxPC-3 cells.

PLB inhibits EMT in PANC-1 and BxPC-3 cells
-------------------------------------------

EMT is a critical process playing an important role in cancer invasion and metastasis.[@b11-dddt-9-537],[@b12-dddt-9-537],[@b29-dddt-9-537] EMT depends on a reduction in expression of cell adhesion molecules. E-cadherin is considered to be an active suppressor of invasion and growth of many epithelial cancers. Therefore, the effect of PLB on the expression of E-cadherin and other key EMT markers and regulators was examined in PANC-1 and BxPC-3 cells. Cells were treated with PLB at 0.1, 1, and 5 μM for 24 hours, resulting in varying changes in the expression level of EMT related proteins ([Figures 10](#f10-dddt-9-537){ref-type="fig"}, [11A--H](#f11-dddt-9-537){ref-type="fig"}, [12A--H](#f12-dddt-9-537){ref-type="fig"}). Incubation of PANC-1 cells with PLB at 1 and 5 μM increased the expression of E-cadherin 1.4- and 2.1-fold, respectively. Treatment of PANC-1 cells with PLB at 0.1, 1, and 5 μM decreased the expression of N-cadherin 40.0%, 53.2%, and 59.0%, respectively. Treating PANC-1 cells with PLB at 0.1, 1, and 5 μM significantly suppressed the expression of slug by 40.9%, 54.2%, and 50.7%, respectively. There was a 3.0-fold increase in the expression of ZO-1 and 88.9% decrease in the expression level of vimentin when PANC-1 cells were treated with 5 μM PLB.

In BxPC-3 cells, there was a similar modulating effect of PLB on the key functional proteins that regulate EMT ([Figures 10](#f10-dddt-9-537){ref-type="fig"}, [11A--H](#f11-dddt-9-537){ref-type="fig"}, [12A--H](#f12-dddt-9-537){ref-type="fig"}). The expression level of E-cadherin was increased 2.1-, 1.9-, and 2.4-fold, and the expression level of N-cadherin was reduced 30.5%, 32.0%, and 57.4% when cells were treated with PLB at 0.1, 1, and 5 μM, respectively. The expression level of slug, the E-cadherin suppressor, was downregulated 22.1% and 55.7% when treated with 1 and 5 μM of PLB, respectively. In addition, incubation of BxPC-3 cells with PLB at 0.1, 1, and 5 μM decreased the expression level of β-catenin 31.9%, 42.3%, and 50.6% but increased the expression level of ZO-1 1.2-, 1.4-, and 3.3-fold, respectively. Taken together, the results show that PLB can inhibit key functional proteins regulating the EMT process, which may contribute to the anticancer effect of PLB in PANC-1 and BxPC-3 cells.

PLB downregulates the expression of Sirt1 in PANC-1 and BxPC-3 cells
--------------------------------------------------------------------

Recently, accumulating evidence shows that Sirt1 plays an important role in the regulation of cellular autophagy.[@b30-dddt-9-537],[@b31-dddt-9-537] Sirt1 can directly regulate autophagy via deacetylation of key components of the autophagy induction network, such as Atg proteins 5, 7, and 8.[@b31-dddt-9-537] Nuclear Sirt1 can induce the expression of key components of the autophagy pathway by activating FoxO transcription factor family members.[@b31-dddt-9-537] We speculate that PLB may regulate Sirt1 expression in PANC-1 and BxPC-3 cells, and thus we examined the effect of PLB on the expression level of Sirt1 in both cell lines. There was a significant decrease in the expression level of Sirt1 in PANC-1 and BxPC-3 cells treated with PLB for 24 hours ([Figure 13A and B](#f13-dddt-9-537){ref-type="fig"}). In PANC-1 cells, there was a concentration-dependent decrease in the expression level of Sirt1 by 50.0%, 59.3%, and 59.6% when treated with PLB at 0.1, 1, and 5 μM, respectively. Incubation of BxPC-3 cells with 5 μM PLB led to a 79.2% reduction in the expression level of Sirt1. It shows that PLB can remarkably inhibit the expression of Sirt 1 in PANC-1 and BxPC-3 cells.

Discussion
==========

Treatment of pancreatic cancer remains a major challenge due to the lack of progress in primary prevention, early diagnosis, and poor efficacy of current therapies. Natural compounds emerge as an alternative resource for new anticancer drug discovery, and there is an increased interest in seeking new effective drugs for the treatment of pancreatic cancer from natural compounds. PLB, a naturally occurring compound, has been found to exhibit potent anticancer effects in both in vitro and in vivo models, which are mainly attributed to its effects on multiple signaling pathways related to cell cycle arrest, apoptosis, autophagy, EMT inhibition, and reactive oxygen species generation.[@b14-dddt-9-537]--[@b19-dddt-9-537],[@b21-dddt-9-537],[@b22-dddt-9-537],[@b32-dddt-9-537]--[@b34-dddt-9-537] In the present study, we have found that PLB promoted cell cycle arrest and autophagic cell death but inhibited EMT with the involvement of PI3K/Akt/mTOR- and p38 MAPK-mediated pathways in PANC-1 and BxPC-3 cells.

Cell proliferation is an essential process for growth, development, and regeneration of eukaryotic organisms, and abnormalities in cell cycle have a close relationship with tumorigenesis; induction of cell cycle arrest can prevent cell proliferation by modulation of a number of cell cycle regulators, which can eventually stop tumor growth.[@b35-dddt-9-537]--[@b37-dddt-9-537] It has been reported that targeting cell cycle may be a promising strategy to fight against cancer through the regulation of CDK-cyclin complexes and related molecular targets.[@b37-dddt-9-537] In particular, development of cell cycle inhibitors has emerged for the treatment of pancreatic cancer.[@b38-dddt-9-537] In the present study, we have observed an inhibitory effect of PLB on cell proliferation in PANC-1 and BxPC-3 cells. Furthermore, we have found that PLB treatment can significantly increase the expression levels of p21 Waf1/Cip1, a tumor suppressor protein which functions as an inhibitor of cell cycle progression, and it serves to inhibit kinase activity and block progression through G~1~/S in association with CDK2 complexes.[@b39-dddt-9-537] Thus, increased expression levels of p21 Waf1/Cip1 will lead to cell cycle arrest in PANC-1 and BxPC-3 cells. Treating PANC-1 and BxPC-3 cells with PLB also resulted in a significant increase in the expression levels of p27 Kip1 and p53 in the present study. It has been reported that p53 is phosphorylated and upregulates p21 Waf1/Cip1 transcription via a p53-responsive element, and CDC2/cyclin B or CDK2/cyclin A are active during cell cycle stages. p27 Kip1 is a member of the Cip/Kip family of cyclin-dependent kinase inhibitors, enforcing the G~1~ restriction point via its inhibitory binding to CDK2/cyclin E and other CDK/cyclin complexes and resulting in cell cycle arrest.[@b40-dddt-9-537] Moreover, p53 is a tumor suppressor protein that plays a major role in cellular response to DNA damage and other genomic aberrations.[@b41-dddt-9-537] PLB-induced activation of p53 can lead to either cell cycle arrest and DNA repair or apoptosis in PANC-1 and BxPC-3 cells. Notably, the differential response to PLB treatment with regard to the cell cycle regulators may be due to the difference in the origin of the cell lines, different cytogenetics, and other possible factors.

Autophagy is a primary morphologically distinctive mode of programmed cell death via a lysosomal catabolic pathway for engulfment, degradation, and recycling of nonessential or abnormal cellular organelles and proteins in living cells.[@b6-dddt-9-537],[@b8-dddt-9-537] This complicated process is executed through multiple steps from intracellular membrane/vesicle reorganization to form double-membraned autophagosomes that fuse with lysosomes to form autophagolysosomes, which degrade the contents via acidic lysosomal hydrolases.[@b6-dddt-9-537],[@b8-dddt-9-537],[@b42-dddt-9-537] Recently, the role of autophagy in cancer cell death is still controversial. Genetic evidence indicates that autophagy can act as a tumor suppressor, but it also can promote the survival of established tumors under stress conditions and in response to chemotherapy.[@b6-dddt-9-537],[@b24-dddt-9-537] However, increasing evidence shows that targeting autophagy is a promising strategy for the treatment of pancreatic cancer.[@b24-dddt-9-537],[@b43-dddt-9-537],[@b44-dddt-9-537] Our results have shown that PLB treatment significantly increases the percentage of autophagic cells in both PANC-1 and BxPC-3 cells. It suggests that PLB may be a promising agent used to induce autophagic cell death in pancreatic cancer.

The PI3K/Akt/mTOR signaling pathway is a central pathway related to autophagic cell death.[@b45-dddt-9-537]--[@b47-dddt-9-537] PI3K activates the downstream serine/threonine kinase Akt, which in turn, through a cascade of regulators, triggers the phosphorylation and activation of the serine/threonine kinase mTOR.[@b47-dddt-9-537] In the present study, PLB showed a significant inhibitory effect on PI3K/Akt/mTOR in both PANC-1 and BxPC-3 cells, and WM, a potent, irreversible, and selective PI3K inhibitor and a blocker of autophagosome formation, remarkably enhanced the autophagy-inducing effect of PLB in PANC-1 and PxPC-3 cells, which may contribute to its anticancer activity. As a matter of fact, a number of previous studies have showed the autophagy-inducing effect of PLB in various cancer cell lines through the negative modulation of the PI3K/Akt/mTOR axis.[@b21-dddt-9-537],[@b48-dddt-9-537] Our previous study has also revealed that PLB predominantly induced autophagy through the inhibition of the PI3K/Akt/mTOR pathway in non-small-cell lung cancer cells.[@b21-dddt-9-537] Thus, the inhibition of the PI3K/Akt/mTOR signaling pathway contributes, at least in part, to the autophagy-inducing effect of PLB in PANC-1 and BxPC-3 cells.

AMPK, the master energy sensor, is an important regulator of cell death through the activation of p53, inhibition of mTOR, and other related signaling pathways.[@b6-dddt-9-537] In the present study, there was a significant activation of AMPK with PLB treatment, which may contribute to the inhibition of mTOR, which in turn can exacerbate mTOR-mediated autophagy. In fact, previous studies have reported that a number of natural compounds including vincristine, taxol, temozolomide, doxorubicin, ursolic acid, honokiol, quercetin, and fisetin can activate AMPK to promote autophagy in various types of cancer cells.[@b49-dddt-9-537],[@b50-dddt-9-537] Furthermore, we have observed that PLB significantly suppressed the phosphorylation of p38 MAPK and that SB202190, a p38 MAPK inhibitor, remarkably increased the PLB-induced autophagic cell death in both PANC-1 and BxPC-3 cells. It has been reported that p38 MAPK is responsive to stress stimuli such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock and regulates cell differentiation, apoptosis, and autophagy.[@b6-dddt-9-537],[@b45-dddt-9-537] Collectively, both AMPK and p38 MAPK play important roles in PLB-induced pancreatic cancer cell autophagy.

EMT has been implicated in cancer initiation, invasion, migration, metastasis, and drug resistance.[@b12-dddt-9-537],[@b51-dddt-9-537] A number of previous studies have shown that regulation of EMT may represent an emerging therapeutic approach to fight against pancreatic cancer.[@b12-dddt-9-537],[@b29-dddt-9-537] EMT depends on a reduction in expression of cell adhesion molecules and loss of tight junctions. E-cadherin can act as an active suppressor of invasion and growth of many epithelial cancers, and tight junctions or zonula occludens are able to form a continuous barrier to fluids across the epithelium and endothelium.[@b11-dddt-9-537],[@b12-dddt-9-537],[@b29-dddt-9-537] In the present study, our findings have demonstrated that PLB treatment significantly increased the expression level of E-cadherin and ZO-1 in both PANC-1 and BxPC-3 cells. In fact, E-cadherin mediates calcium-dependent cell--cell adhesion, which also is suppressed by snail/slug, and our data have shown that PLB treatment inhibited the expression of slug, which in turn may result in the increased expression of E-cadherin. Furthermore, β-catenin can act as an integral component of a protein complex in adherent junctions, which helps cells maintain epithelial layers, and β-catenin participates in the Wnt signaling pathway as a downstream target.[@b13-dddt-9-537],[@b29-dddt-9-537] PLB treatment decreased the expression of β-catenin in BxPC-3 cells but not in PANC-1 cells, which may be due to the difference in cell type.

In addition, Sirt1 is a NAD^+^-dependent DNA repair enzyme originally discovered in yeast (Sir2) and is involved in a myriad of cellular processes.[@b52-dddt-9-537] Recently, studies have shown that Sirt1 has an important role in the regulation of autophagy and that it deacetylates both histone and nonhistone proteins, such as p53 and FoxOs.[@b52-dddt-9-537] Sirt1 also can affect autophagy via direct regulation of autophagy machinery, including deacetylation of Atg5, Atg7, and Atg8.[@b30-dddt-9-537] In the present study, we observed a significant reduction in the expression level of Sirt1 in PANC-1 and BxPC-3 cells when cells were treated with PLB, suggesting that PLB-induced autophagy in pancreatic cancer cells may involve Sirt1-mediated pathway.

In summary, we investigated the potential molecular mechanisms of PLB for its anticancer effect in human pancreatic cancer PANC-1 and BxPC-3 cells. The mechanisms of action of PLB were mainly related to cell cycle arrest, induction of autophagy, and inhibition of EMT and their associated signaling pathways. PLB induced the inhibition of PI3K/Akt/mTOR and p38 MAPK pathways and the activation of AMPK, contributing to the autophagy-inducing activities of PLB. PLB may represent a new anticancer drug that can kill pancreatic cancer cells. More studies are needed to reveal the underlying mechanisms and other potential targets of PLB in the treatment of pancreatic cancer.
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###### 

Effect of PLB treatment on phosphorylation levels of PI3K (**A**), AMPK (**C**), p38 MAPK (**E**), Akt (**G**), and mTOR (**I**) and the total levels of PI3K (**B**), AMPK (**D**), p38 MAPK (**F**), Akt (**H**), mTOR (**J**), LC3-I (**K**), and LC3-II (**L**) in PANC-1 cells determined by Western blotting assay. β-actin was used as the internal control. Data are the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** Akt, protein kinase B; AMPK, 5′-AMP-dependent kinase; ANOVA, analysis of variance; Conc, concentration; LC3-I/II, microtubule-associated protein 1A/1B-light chain 3; mTOR, mammalian target of rapamycin; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; p38 MAPK, p38 mitogen-activated protein kinase; PLB, plumbagin; SD, standard deviation.

###### 

Effect of PLB treatment on phosphorylation levels of PI3K (**A**), AMPK (**C**), p38 MAPK (**E**), Akt (**G**), and mTOR (**I**) and the total levels of PI3K (**B**), AMPK (**D**), p38 MAPK (**F**), Akt (**H**), mTOR (**J**), LC3-I (**K**), and LC3-II (**L**) in BxPC-3 cells determined by Western blotting assay. β-actin was used as the internal control. Data are the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** Akt, protein kinase B; AMPK, 5′-AMP-dependent kinase; ANOVA, analysis of variance; Conc, concentration; LC3-I/II, microtubule-associated protein 1A/1B-light chain 3; mTOR, mammalian target of rapamycin; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; p38 MAPK, p38 mitogen-activated protein kinase; PLB, plumbagin; SD, standard deviation.
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![The chemical structure of PLB and the effect of PLB on the proliferation of PANC-1 and BxPC-3 cells.\
**Notes:** PANC-1 and BxPC-3 cells were treated with PLB at concentrations ranging from 0.1 to 20 μM for 24 and 48 hours. (**A**) Chemical structure of PLB; (**B**) Cell viability of PANC-1 cells; and (**C**) Cell viability of BxPC-3 cells.\
**Abbreviations:** Conc, concentration; IC~50~, half maximal inhibitory concentration; PLB, plumbagin.](dddt-9-537Fig1){#f1-dddt-9-537}

![PLB alters cell cycle distribution in PANC-1 and BxPC-3 cells.\
**Notes:** Cells were treated with PLB at concentrations of 0.1, 1, 5, and 10 μM for 24 hours or treated with 5 μM PLB for 4, 8, 12, 24, 48, and 72 hours. Then the cell samples were subject to flow cytometry analysis. (**A**) Flow cytometric plots of cell cycle distribution of PANC-1 and BxPC-3 cells treated with PLB at 0.1, 1, and 5 μM for 24 hours; (**B**) Bar graphs showing the percentage of PANC-1 and BxPC-3 cells in sub-G~1~, G~1~, S, and G~2~/M phase treated with PLB at 0.1, 1, and 5 μM for 24 hours; (**C**) Flow cytometric plots of cell cycle distribution of PANC-1 and BxPC-3 cells treated with 5 μM PLB over 72 hours; (**D**) Bar graphs showing the percentage of PANC-1 and BxPC-3 cells treated with 5 μM PLB over 72 hours in G~1~, S, and G~2~/M phase. Data are the mean ± SD. \**P*\<0.05 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; PI, propidium iodide; PLB, plumbagin; SD, standard deviation.](dddt-9-537Fig2){#f2-dddt-9-537}

![PLB regulates the expression of CDK1/CDC2, cyclin B1, cyclin D1, p21 Waf1/Cip1, p27 Kip1, and p53 in PANC-1 and BxPC-3 cells.\
**Notes:** Cells were treated with PLB at concentrations of 0.1, 1, and 5 μM for 24 hours and then protein samples of cells were subjected to Western blotting assay. (**A**) Representative blots for CDK1/CDC2, cyclin B1, cyclin D1, p21 Waf1/Cip1, p27 Kip1, and p53, and (**B**) bar graphs showing the relative expression level of CDK1/CDC2, cyclin B1, cyclin D1, p21 Waf1/Cip1, p27 Kip1, and p53 in PANC-1 and BxPC-3 cells. Data are the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; PLB, plumbagin; SD, standard deviation.](dddt-9-537Fig3){#f3-dddt-9-537}

![PLB induces autophagic cell death in PANC-1 and BxPC-3 cells determined by flow cytometry.\
**Notes:** Cells were treated with PLB at concentrations of 0.1, 1, and 5 μM for 24 hours or treated with 5 μM PLB for 4, 8, 12, 24, 48, and 72 hours. Cell samples were then subjected to flow cytometry analysis. (**A**) Flow cytometric plots of PANC-1 and BxPC-3 cells treated with PLB at 0.1, 1, and 5 μM for 24 hours; (**B**) Bar graphs showing percentage of autophagic cells in PANC-1 and BxPC-3 cells treated with PLB at 0.1, 1, and 5 μM for 24 hours; (**C**) Flow cytometric plots of PANC-1 and BxPC-3 cells treated with 5 μM PLB over 72 hours; (**D**) Bar graphs showing percentage of autophagic cells in PANC-1 and BxPC-3 cells treated with 5 μM PLB over 72 hours. Data are the mean ± SD. \**P*\<0.05 and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; PLB, plumbagin; SD, standard deviation.](dddt-9-537Fig4){#f4-dddt-9-537}

![PLB induces autophagic cell death in PANC-1 and BxPC-3 cells determined by confocal microscopy.\
**Notes:** Cells were treated with PLB at concentrations of 0.1, 1, and 5 μM for 24 hours or treated with 5 μM PLB for 4, 8, 12, 24, 48, and 72 hours. Cell samples were then subjected to confocal microscopic examination. (**A**) Confocal microscopic images showing autophagy in PANC-1 and BxPC-3 cells treated with PLB at 0.1, 1, and 5 μM for 24 hours; (**B**) Bar graphs showing the percentage of autophagic PANC-1 and BxPC-3 cells treated with PLB at 0.1, 1, and 5 μM for 24 hours; (**C**) Confocal microscopic images showing autophagy in PANC-1 and BxPC-3 cells treated with 5 μM PLB over 72 hours; (**D**) Bar graphs showing the percentage of autophagic PANC-1 and BxPC-3 cells. Data represent the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; PLB, plumbagin; SD, standard deviation.](dddt-9-537Fig5){#f5-dddt-9-537}

![PLB regulates autophagy via p38 MAPK and PI3K/Akt signaling pathways in PANC-1 and BxPC-3 cells.\
**Notes:** Cells were pretreated with 10 μM SB202190 or 10 μM WM for 1 hour and then incubated with or without 5 μM PLB for another 24 hours. (**A**) Flow cytometric plots of PANC-1 cells; (**B**) flow cytometric plots of BxPC-3 cells; (**C**) bar graphs showing percentage of autophagic cells in PANC-1 and BxPC-3 cells. Data represent the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** Akt, protein kinase B; ANOVA, analysis of variance; PI3K, phosphatidylinositol 3-kinase; p38 MAPK, p38 mitogen-activated protein kinase; PLB, plumbagin; SB202190, selective inhibitor of p38 MAPK; SD, standard deviation; WM, wortmannin.](dddt-9-537Fig6){#f6-dddt-9-537}

![PLB regulates the expression and phosphorylation of PI3K, AMPK, p38 MAPK, Akt, mTOR, PTEN, beclin 1, and LC3-I/II in PANC-1 and BxPC-3 cells.\
**Notes:** Representative blots of p- and t-PI3K, p- and t-AMPK, p- and t-p38 MAPK, p- and t-Akt, p- and t-mTOR, PTEN, beclin 1, and LC3-I/II in PANC-1 and BxPC-3 cells.\
**Abbreviations:** Akt, protein kinase B; AMPK, 5′-AMP-dependent kinase; LC3-I/II, microtubule-associated protein 1A/1B-light chain 3; mTOR, mammalian target of rapamycin; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; p38 MAPK, p38 mitogen-activated protein kinase; PLB, plumbagin; PTEN, phosphatase and tensin homolog; t, total.](dddt-9-537Fig7){#f7-dddt-9-537}

![PLB regulates the expression and phosphorylation of PI3K, AMPK, p38 MAPK, Akt, mTOR, PTEN, beclin 1, and LC3-I/II in PANC-1 cells.\
**Notes:** Bar graphs showing the levels of p/t-PI3K (**A**), p/t-AMPK (**B**), p/t-p38 MAPK (**C**), p/t-Akt (**D**), p/t-mTOR (**E**), PTEN (**F**), beclin 1 (**G**), and LC3-II/I (**H**) in PANC-1 cells. Data represent the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** Akt, protein kinase B; AMPK, 5′-AMP-dependent kinase; ANOVA, analysis of variance; Conc, concentration; LC3-I/II, microtubule-associated protein 1A/1B-light chain 3; mTOR, mammalian target of rapamycin; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; p38 MAPK, p38 mitogen-activated protein kinase; PLB, plumbagin; PTEN, phosphatase and tensin homolog; SD, standard deviation; t, total.](dddt-9-537Fig8){#f8-dddt-9-537}

![PLB regulates the expression and phosphorylation of PI3K, AMPK, p38 MAPK, Akt, mTOR, PTEN, beclin 1, and LC3-I/II in BxPC-3 cells.\
**Notes:** Bar graphs showing the level of p/t-PI3K (**A**), p/t-AMPK (**B**), p/t-p38 MAPK (**C**), p/t-Akt (**D**), p/t-mTOR (**E**), PTEN (**F**), beclin 1 (**G**), and LC3-II/I (**H**) in BxPC-3 cells. Data represent the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** Akt, protein kinase B; AMPK, 5′-AMP-dependent kinase; ANOVA, analysis of variance; Conc, concentration; LC3-I/II, microtubule-associated protein 1A/1B-light chain 3; mTOR, mammalian target of rapamycin; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; p38 MAPK, p38 mitogen-activated protein kinase; PLB, plumbagin; PTEN, phosphatase and tensin homolog; SD, standard deviation; t, total.](dddt-9-537Fig9){#f9-dddt-9-537}

![PLB regulates EMT markers in PANC-1 and BxPC-3 cells.\
**Notes:** Cells were treated with 5 μM PLB for 24 hours and then protein samples were subjected to Western blotting assay. Representative blots of E-cadherin, N-cadherin, snail, slug, TCF-8/ZEB1, vimentin, β-catenin, and ZO-1 in PANC-1 and BxPC-3 cells.\
**Abbreviations:** EMT, epithelial to mesenchymal transition; PLB, plumbagin; TCF-8/ZEB1, zinc finger E-box-binding homeobox 1; ZO-1, zona occludens protein 1.](dddt-9-537Fig10){#f10-dddt-9-537}

![PLB regulates EMT markers in PANC-1 cells.\
**Notes:** Cells were treated with 5 μM PLB for 24 hours and then protein samples were subjected to Western blotting assay. Bar graphs showing the relative expression levels of E-cadherin (**A**), N-cadherin (**B**), snail (**C**), slug (**D**), TCF-8/ZEB1 (**E**), vimentin (**F**), β-catenin (**G**), and ZO-1 (**H**) in PANC-1 cells. Data represent the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; EMT, epithelial to mesenchymal transition; PLB, plumbagin; SD, standard deviation; TCF-8/ZEB1, zinc finger E-box-binding homeobox 1; ZO-1, zona occludens protein 1.](dddt-9-537Fig11){#f11-dddt-9-537}

![PLB regulates EMT markers in BxPC-3 cells.\
**Notes:** Cells were treated with 5 μM PLB for 24 hours and then protein samples were subject to Western blotting assay. Bar graphs showing the relative expression level of E-cadherin (**A**), N-cadherin (**B**), snail (**C**), slug (**D**), TCF-8/ZEB1 (**E**), vimentin (**F**), β-catenin (**G**), and ZO-1 (**H**) in BxPC-3 cells. Data represent the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; EMT, epithelial to mesenchymal transition; PLB, plumbagin; SD, standard deviation; TCF-8/ZEB1, zinc finger E-box-binding homeobox 1; ZO-1, zona occludens protein 1.](dddt-9-537Fig12){#f12-dddt-9-537}

![PLB downregulates the expression level of Sirt1 in PANC-1 and BxPC-3 cells.\
**Notes:** Cells were treated with 5 μM PLB for 24 hours and then protein samples were subjected to Western blotting assay. (**A**) Representative blots of Sirt1 in PANC-1 and BxPC-3 cells and (**B**) bar graph showing the relative expression level of Sirt1 in PANC-1 and BxPC-3 cells. Data represent the mean ± SD. \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; Conc, concentration; PLB, plumbagin; SD, standard deviation.](dddt-9-537Fig13){#f13-dddt-9-537}
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